Abstract
Indigenous chickens are well adapted to local production environments. However, due to the relatively low genetic potential and poor levels of management, most birds grow slowly and produce only a few small-sized eggs [1, 8] . Yields from poultry are compromised by extensive losses caused by infectious disease, due to lack of vaccination, biosecurity and other prophylactic measures [1] . The introduction of high-producing exotic birds in Ethiopia has had limited success in rural regions, even when accompanied by farmer training in poultry management, larger flock sizes and increased inputs, likely due to poor adaptation of the introduced breeds to a scavenging production system [9, 10] . Cross-breeding programmes of exotic breeds with indigenous chickens in Ethiopia, Malawi and Kenya have also largely failed due to poor adaptation, uncontrolled mating after the F1 generation and reluctance of local farmers to use exotic birds [1, 11] . Selective breeding and genetic improvement programmes of indigenous ecotypes may provide a sustainable alternative. Since 2006, such programmes have been initiated in Ethiopia, Kenya and Malawi, and have been directed towards a dual-purpose bird with better egg and meat outputs, that is well adapted to village conditions and has the desired morphological traits [9, [11] [12] [13] . Current genetic improvement programmes are based on analysis of pedigree and performance records of individual birds. The first results demonstrated the presence of considerable genetic variation in performance traits and strongly suggested that productivity improvement with selective breeding should be possible [9, [11] [12] [13] . These selection programmes are yet to consider genetic resistance to major infectious diseases, which could potentially be genetically correlated with production traits [14] . In livestock, including poultry, selection for growth and production traits has been associated with decreased immune function [15, 16] . Furthermore, selection for enhanced disease resistance may reduce growth rate by altering energy partitioning [17] . Conversely, other studies in sheep [18] have shown that more genetically resistant animals may have greater growth; similarly, studies in pigs [19] have shown that animals selected for increased feed efficiency may be less affected by porcine reproductive and respiratory syndrome (PRRS) infection.
Immune response and resistance to infectious diseases are difficult traits to measure and, thereby, improve. Marker-assisted selection or genomic selection might offer effective alternatives to traditional breeding. Nevertheless, genomic technologies for breeding purposes have not yet been applied to indigenous chicken ecotypes in developing countries.
In this study, we investigated the genetic architecture and presence of genetic (co)variability of antibody responses to four major infectious diseases (Marek's disease, infectious bursal disease, fowl cholera, fowl typhoid), resistance to two parasitic infections (Eimeria and cestodes) and two production traits (body weight and body condition score) in two Ethiopian chicken ecotypes (Jarso and Horro), using field-collected data and a high density (580 K) single nucleotide polymorphism (SNP) whole-genome DNA array (Affymetrix ® Axiom ® HD). We performed variance component analyses, genome-wide association studies (GWAS), and pathway and selective sweep analyses to identify genomic regions controlling disease and production traits, and further investigate the biology of the underlying genetic mechanisms.
Methods

Ethical statement
All animal manipulations were conducted in accordance with the revised Animals (Scientific Procedures) Act 1986 with the approval of the University of Liverpool Research Ethics Committee (reference RETH000410).
Animals
The two indigenous chicken ecotypes used in this study are located in Jarso, in the arid eastern, and Horro, in the sub-humid western part of Ethiopia, two discrete geographical regions about 900 km from each other. The two ecotypes are not phenotypically distinct; similar to other indigenous village chicken populations, there is a wide range of overlapping phenotypic variation within the two populations [20] .
Sampling
Multistage cross-sectional sampling was applied to collect random samples from the two regions. Initially, two market sheds and two villages per market shed were selected within each region. Market sheds are clearly delimited areas comprising villages that rely almost exclusively on a single market for trade. Fifty farms were randomly selected from each village and two chickens over 6 months of age (as estimated by the owner) were randomly selected from each farm. Where possible, one male and one female were chosen, otherwise two females. A total of 760 birds, 376 Jarso and 384 Horro chickens, were sampled in four rounds over 2 years at 6 month intervals, to span the main rainy season [21] . Information on market shed, village, farm, season, sex and age of the birds were recorded [20] .
From each bird, freshly-voided faeces were collected to measure Eimeria oocysts and cestodes eggs. In addition, a 1.5 mL brachial blood sample was collected into plain tubes flushed with sodium citrate for serological analyses. A drop of blood was also placed on FTA cards for DNA extraction.
Phenotyping
Individual phenotypes collected for each bird included oocyst counts for coccidiosis (Eimeria spp), egg counts for cestodes (any species) and antibody titres for infectious bursal disease (IBDV), Mareks' disease (MDV), fowl cholera (Pasteurella multocida) and fowl typhoid (Salmonella enterica serovar Gallinarum). Body weight measured on a sensitive balance and body condition score (BCS) expressed on a 0 to 3 scale [22] were also included in the data.
Eimeria oocysts and cestodes eggs in faecal samples were counted with a modified version of the concentration McMaster technique [23] . Due to the small volume of faeces collected from individual birds, we used 1 g of faecal material instead of the recommended 4 g [23] .
Antibody titres were based on serological analyses using an in-house enzyme-linked immunosorbent assay (ELISA) for Salmonella enterica serovar Gallinarum (SG) and Pasteurella multocida (PM), according to the protocol described by Beal et al. [24] . An in-house ELISA based on the protocol of Zelnik et al. [25] was used for MDV. Serological data for IBDV was obtained using a Flockscreen antibody ELISA kit (x-OvO, Dunfermline, UK). All samples were tested in triplicate with a positive and a negative control being added to all plates. In all cases, optical densities (OD) were converted into a ratio to the positive control (s:p ratio) using the following equation [21] :
This data transformation made values comparable between plates by expressing them on a scale where 0 was equal to the negative control and 1 was equal to the positive control. The ELISA plates used for the analyses were also recorded in order to adjust for plate to plate variation in the statistical analyses.
Genotyping
All birds were genotyped using a 580 K high-density SNP whole-genome DNA array (Affymetrix ® Axiom ® HD; [26] ). This data was subjected to the following quality control thresholds using PLINK v1.07 [27] : minor allele frequency <0.03, call rate <95 %, and Hardy-Weinberg equilibrium (P < 10
−6
). After quality control, 455,463 and 470,486 SNPs were kept for further analyses for Jarso and Horro chicken ecotypes, respectively. Positions of SNPs on the genome were obtained using the Gal-gal4 assembly in Ensemble Genome Browser (www.ensembl.org).
Genetic parameter estimation
Phenotypes that were significantly skewed (antibody titres of IBDV, MDV, SG and PM, egg counts of Eimeria s:p ratio = mean sample OD − negative control OD / positive control OD − negative control OD .
and cestodes, and body weight) were log-transformed in order to normalise their distribution. Genetic parameters were estimated for all traits using a mixed linear univariate model that included the fixed effects of village (1 to 4), market shed (A, B), season [dry (May to July) or rainy (October to November)], sex (male, female), age (6 to 72 months) and ELISA plate (1 to 20, for antibody titres only), and the random genetic effect of the individual bird. Genetic relationships between birds were calculated based on SNP genotypes using the genome-wide efficient mixed model association (GEMMA) algorithm [28] and included in the analyses. Estimates of the obtained variance components were used to estimate the heritability of each trait as the ratio of the additive to the total phenotypic variance. Bivariate analyses were also conducted with the same model to estimate phenotypic and genetic correlations among the studied traits. All above analyses were performed separately for each population (Horro and Jarso) using the ASReml 3.0 software [29] .
Genome-wide association studies
Principal component analysis (PCA) was performed using an identity-by-state matrix based on SNP genotypes to assess genetic differences between the two chicken ecotypes and investigate the presence of population stratification using the GenABEL package of R [30] . The GWAS analyses were performed using the GEMMA algorithm [28] , using the same univariate linear mixed model as used for genetic parameter estimation. GWAS analyses were conducted separately for each indigenous population (Jarso and Horro). After Bonferroni correction for multiple testing, significance thresholds were P ≤ 1.1 × 10 −7 and P ≤ 2.50 × 10 −6 for genome-wide (P ≤ 0.05) and suggestive (namely one false positive per genome scan) levels, respectively, corresponding to −log 10 (P) of 6.93 and 5.63. In addition, a search for significant SNPs (P ≤ 0.05) after Bonferroni correction at the chromosome-wide level was performed.
Individual significant SNPs in the GWAS were further analysed in a single marker association analysis where the SNP genotype was fitted as a fixed effect into the same univariate mixed model used for genetic parameter estimation. This analysis enabled the estimation of the genetic effect and proportion of variance explained by each SNP as follows: additive effect, a = (AA − BB)/2; dominance effect, d = AB − [(AA + BB)/2]; proportion of phenotypic variance due to SNP = [2pq (a + d(q − p))2]/VP, where, AA, BB and AB represent the predicted trait values for each SNP genotype from the analysis, p and q the SNP allele frequencies and VP the total phenotypic variance of each trait derived without SNP genotypic effects in the model. The extent of linkage disequilibrium (LD) between significant SNPs located on the same chromosome regions was calculated using the r-square statistic of PLINK v1.07 [27] .
SNP and candidate region annotation
All significant SNPs identified in the GWAS were mapped to the reference genome and annotated by using the variant effect predictor (http://www.ensembl. org/Tools/VEP) tool within the Ensembl database and the Gal-gal4 assembly. Moreover, the genes that were located 100 kb upstream and downstream of the significant SNPs were also annotated using the BioMart data mining tool (http://www.ensembl.org/biomart/martview/) within the Ensembl database and the Gal-gal4 assembly. This allowed us to catalogue all the genes that were located in the vicinity of the identified significant SNPs and to create gene lists that contained the genes in the vicinity of all the significant SNPs identified for each disease and production trait. We chose these 200-kb windows based on the average LD calculated previously for the Horro and Jarso chicken populations [31] ; in both populations, mild LD (r 2 ~ 0.2) rarely exceeds 100 kb, while an r 2 greater than 0.3 did not extend beyond 5 kb.
Pathway, network and functional enrichment analyses
Identification of potential canonical pathways and networks underlying the candidate genomic regions that were associated with the disease and production traits were performed using the Ingenuity Pathway Analysis (IPA) programme (www.ingenuity.com). IPA constructs multiple possible upstream regulators, pathways and networks that serve as hypotheses for the biological mechanism underlying the phenotypes based on a large-scale causal network derived from the Ingenuity Knowledge Base. Then, IPA infers the most suitable pathways and networks based on their statistical significance, after correcting for a baseline threshold [32] . The IPA score in the constructed networks can be used to rank these networks based on the P-values obtained using Fisher's exact test [IPA score or P-score = -log10(P value)].
The gene lists for each trait were also analysed using the Database for Annotation, Visualization and Integrated Discovery (DAVID; [33] ). In order to understand the biological meaning behind these genes, gene ontology (GO) was determined and functional annotation clustering analysis was performed. The Gallus gallus background information is available in DAVID and was used for all analyses. The enrichment score (ES) of the DAVID package is a modified Fisher exact P-value calculated by the software, with higher ES reflecting more enriched clusters. An ES greater than 1 means that the functional category is overrepresented.
Selective sweep analysis
The candidate genomic regions for the disease and the production traits identified in the GWAS analyses were compared with targets of signatures of selection in the same data [31] . For the selective sweep analysis, the SNP data was phased using fastPHASE [34] . Ancestral and derived alleles were assigned using the grey junglefowl (n = 2), green junglefowl (n = 2), Ceylon junglefowl (n = 2), pheasant (n = 3) and Indian peafowl (n = 3) as outgroup populations with allele homozygotes in all outgroup populations defined as the ancestral allele. A signature of selection analysis was performed at the intra-population level with the calculation of integrated haplotype score statistics (iHS) using the R package rehh [34] . This approach identifies SNPs with signals of recent and moderate selection comparing the pattern of linkage disequilibrium at the ancestral and the derived alleles [35] . Moreover, the SweeD software, a likelihood based detection method of selective sweeps based on allele frequencies [36] was used to identify candidate genomic regions that are subjected to strong selection pressure at the population level. Detailed explanation of the methodology that was implemented in this study was previously described in Desta et al. [31] .
Results
Descriptive statistics
Both the Horro and the Jarso chicken populations demonstrated overwhelming evidence of exposure to all infectious agents studied, which suggests that universal exposure is a reasonable assumption. The mean IBDV antibody titre was higher for Horro birds, whereas MDV, SG and PM antibody titres were similar for birds from the two regions. The higher IBDV antibody titres measured for Horro chickens could be the result of greater exposure to this pathogen in this geographic region and/or stronger host immune response in these chickens. Conversely, the egg counts for Eimeria and cestodes parasites were two and four times, respectively, higher for Jarso than for Horro chickens. The higher parasitic load measured for Jarso chickens could be due to higher exposure to the parasites in this geographic region compared to the Horro region and/or to lower host immune response. The average body weight and BCS were marginally higher for Horro chickens. See Additional file 1: Table S1 summarises all measurements for the Horro and Jarso chickens, which demonstrate a clear divergence between the two populations.
Genetic parameters
We found high heritability estimates (0.75 to 0.79) for IBDV and MDV antibody titres in Horro chickens (Table 1) . Moderately high heritability estimates (0.41 to 0.45) were derived for PM antibody titres in Horro and for MDV antibody titres and Eimeria and cestodes parasitism in Jarso chickens. The heritability estimates were moderate (0.34 to 0.45) for body weight and BCS in both populations.
Several significant positive (P < 0.05) phenotypic correlations were detected among the different disease antibody titres and also between Eimeria and cestodes parasitism (see Additional file 2: Tables S2 and S3) for details, which implied the presence of infection-interactions. Significant negative phenotypic correlations were estimated between antibody titres and parasite load in the two populations (P < 0.05), e.g., of Eimeria with IBDV, SG and PM antibody titres, and between PM and cestodes. These results may suggest immunosuppression in parasitized birds or reciprocal variation in susceptibility.
We found significant positive genetic correlations (P < 0.05) between SG and IBDV antibody titres, between SG and PM antibody titres, and between body weight and BCS in both populations (see Additional file 2: Tables S2 and S3) for details. In addition, a significant positive genetic correlation was estimated between Eimeria and cestodes parasitism in Jarso chickens (P < 0.05). There was no significant genetic correlation of the antibody titres to any of the pathogens studied with parasitic diseases, which implies that the negative phenotypic correlations identified above have no genetic basis. Importantly, no significant genetic correlations were found between the disease and production traits.
Genome-wide association studies
The PCA analysis identified the two indigenous ecotypes, Jarso and Horro, as genetically distinct groups (see Additional file 3: Figure S1 ). Therefore, in all subsequent genomic analyses, we treated the two populations separately and found no further evidence of population stratification. In general, GWAS results indicated distinct significant associations for each of the traits in the two ecotypes (see Tables 2, 3 ) was also observed but only for Jarso chicken. For the other immune response and disease resistance traits, several SNPs that exceeded the suggestive significance threshold were identified. Regarding production traits, we identified a region on chromosome 4 with 20 SNPs that was associated with body weight at the genome-wide level (6.98 × 10 −8 to 1.75 × 10
) in the Jarso chickens. The same genomic region was also found to be significant in the Horro chickens, albeit at the chromosome-wide level. Genome-wide significant SNPs were identified on chromosome 8 (6.28 × 10 −8 ) for BCS in the Horro chickens, but we did not detect the corresponding genomic region in the Jarso chickens.
Several common candidate genomic regions (located within a 0.5-Mb window) were identified within and across the two ecotypes (Tables 2, 3 ). The common regions were associated with: (1) antibody titres to IBDV and MDV in Horro and Eimeria infection in Jarso chickens on chromosome 18 (5.5-6 Mb); (2) antibody titres to PM in Jarso and cestodes infection in Horro chickens on chromosome ; (3) antibody titres to SG in Horro and Eimeria and cestodes infections in Jarso Table 1 Estimates of variance components and heritabilities for traits studied in Horro and Jarso chickens IBDV log transformed antibody titres measured for infectious bursal disease virus, MDV log-transformed antibody titres measured for Mareks' disease virus, SG logtransformed antibody titres measured for Salmonella enterica serovan Gallinarum, PM log-transformed antibody titres measured for Pasteurella multocida; Eimeria resistance to Eimeria parasitism (log-transformed egg counts/gr of faecal), Cestodes resistance to cestodes parasitism (log-transformed egg counts/gr of faecal), BW body weight (log-transformed kilograms), BCS body condition score (scale 1 to 3); σ 2 a genetic variance, The effects of the significant SNPs identified by the GWAS analyses were mostly additive, explaining 2 to 21 and 1 to 18 % of the phenotypic variance of the disease traits in Horro and Jarso chickens, respectively, and 5 to 15 and 6 to 29 % of the phenotypic variance of the production traits, in Horro and Jarso chickens, respectively (Tables 2, 3 ). Significant SNPs that were located in the same genomic region were in moderate to high (0.2 to 1) LD with each other (see Additional file 5: Tables  S4 and S5) for Jarso and Horro chickens, respectively.
Annotation of SNPs and candidate regions
The location and annotation of all significant SNPs identified by the GWAS analyses are in see Additional file 5: Tables S4 and S5 for Jarso and Horro chickens, respectively. Most significant SNPs were located in intergenic or intronic regions. However, three of the SNPs that were identified in the Horro chicken data were localized in exonic regions and corresponded to missense deleterious variants. Specifically, Affx-51084536 (associated with IBDV antibody titre) corresponds to a missense variant within the XK-related protein 8 (XKR8) gene; Affx-50376191 (associated with SG antibody titre) corresponds to a missense variant within the myosin-9 gene (MYH9) gene; and Affx-51266852 (associated with cestodes parasitism) corresponds to a missense variant within the mitogen-activated protein 3 kinase 4 (MAP3K4) gene.
Candidate regions were defined as the genomic intervals 100 kb upstream and downstream of the significant SNPs identified by the GWAS and annotated genes within those regions were identified. The lists of candidate genes for all traits are in see Additional file 6: Tables  S6 and S7 for Jarso and Horro chickens, respectively. Candidate gene lists contained a few (in total 5 to 40) genes for most traits, with the exception of cestodes resistance in Jarso chickens, which included 80 genes.
SNPs with an asterisk * and highlighted in italics are significant at the genome-wide threshold. SNPs in italics are significant at the suggestive genome-wide threshold. SNPs not highlighted are significant at the chromosome-wide threshold Phenotypic variance: % proportion of phenotypic variance explained by SNPs; p and q allelic frequencies, with an asterisk * mark the frequencies of the alleles corresponding to high antibody titres for IBDV, MDV, SG, PM, low egg counts for Eimeria and cestodes, high body weight and high BCS; NA not applicable IBDV infectious bursal disease virus antibody titre, MDV Mareks' disease virus antibody titre, SG Salmonella enterica serovan Gallinarum antibody titre, PM Pasteurella multocida antibody titre, Eimeria resistance to Eimeria parasitism, Cestodes resistance to cestodes parasitism, BCS body condition score a SNPs that had significant additive effects b SNPs that had significant dominance effects 
Pathway, network and functional enrichment analyses
Analyses of the candidate genes identified significant pathway enrichment (P < 0.005) (see Additional file 7: Figures S4 and S5 ). For IBDV, SG and PM antibody titre and for Eimeria and cestodes counts enriched pathways were related to innate and adaptive immune responses; antigen presentation, B-cell activating factor, glucocorticoid receptor, complement and primary immunodeficiency signalling were the most common pathways for both ecotypes. For MDV antibody titre, enriched pathways were mostly related with cell cycle regulation but differed for each ecotype. For body weight, enriched pathways were related to pentose phosphate for both ecotypes, which is directly connected with gluconeogenesis and is the major source of NADPH, which is required for anabolic processes [37] . Finally, for BCS, enriched pathways related to inositol and myo-inositol phosphate were identified for the Jarso ecotype. Several relevant networks were reconstructed from the molecular interactions of the genes that are located in the candidate regions for the immune and disease resistance traits, but most had a moderate (below 30) IPA score (see Additional file 8: Figures S6 and S7) . The most informative networks were: (1) the network for cestodes resistance, which included interacting molecules clustered around the nuclear factor kB (NFkB) gene complex (IPA score = 58); (2) the network for antibody titre to IBDV, with the v-myc avian myelocytomatosis viral oncogene homolog (MYC) gene at the centre (IPA score = 33); and (3) the network for antibody titre to SG, with the interacting molecules clustered around the NFkB complex and some classical map kinases (ERK1/2) (IPA score = 37).
Functional annotation clustering analysis revealed the presence of enriched gene clusters related to antigen processing and presentation and immune response (Eimeria and cestodes), regulation of apoptosis (PM), electron transport and oxidation reduction (SG), and regulation of transcription (IBDV) and proteolysis (cestodes) (see Additional file 9: Table S8 ). Subsequently, putative candidate genes for each trait were selected for the two ecotypes based on their biological function and involvement in pathways, networks and enriched gene clusters of interest. Selected candidate genes as well as the biological processes and the molecular functions involved are presented in Additional file 10: Tables S9 and S10. In general, for antibody responses and resistance to parasitism, most putative candidate genes were immune genes related to innate and adaptive immune response, inflammatory response, metal-ion binding, antigen processing and presentation, interferon secretion, and apoptosis. For the production traits, putative candidate genes were mainly linked with enzymes that are involved in metabolic processes.
Analysis of selective sweeps
The candidate region on chromosome 18 (5.5-6 Mb) that was associated with antibody titres to IBDV and MDV infections in Horro chickens, and with resistance to Eimeria parasitism in Jarso chickens, was within a region that had been previously identified as the site of a selective sweep [31] .
Discussion
Our study set out to investigate the genetic basis of parasitic disease resistance, immune responses to viral and bacterial infections, and production traits of economic importance to indigenous village chickens. Using two indigenous Ethiopian ecotypes, we detected substantial heritable genetic variation and identified genomic regions that affected all studied traits. Putative candidate genes, canonical pathways and networks involved in the underlying molecular mechanisms of antibody response, parasitic disease resistance and production were also identified. Our results should be interpreted in the context of the limitations and advantages of field studies [38, 39] . Compared to controlled challenge experiments, unknown and uncontrolled exposure to infections, may reduce the power of a field study but does not constitute a fatal flaw in demonstrating host genetic differences in resistance [38] . In addition, the natural mixed infections that characterise field studies offer a more realistic picture of the genetic variation and yield results that are more relevant to practical genetic improvement programmes. In our study, we observed a universal exposure to pathogens in all birds during two consecutive years of sampling. A seasonal effect on antibody titres was tested and was not significant. Moreover, no disease outbreaks were recorded during the 2 years of study; therefore, what we report here is the antibody titres to background natural infections in two populations that were raised under local prevailing conditions.
Eimeria and cestodes resistance
Genetic resistance to Eimeria has previously been studied in chickens but susceptibility to cestodes parasitism has not. The two genomic regions identified on chromosomes 16 and 18 are located very close to previously reported regions for Eimeria tenella resistance in an F2 chicken cross generated between an Eimeria resistant indigenous Egyptian line (Fayoumi) and a susceptible Leghorn line [40] . Chromosome 16 in chickens harbours the MHC, which encompasses the region that allows T-cells to recognise foreign antigens. The MHC region has been the focus of considerable research because of the strong associations between specific MHC haplotypes and infectious diseases [41] . Thus, involvement of MHC in Eimeria and cestodes resistance is not unexpected. The strong positive genetic correlation between Eimeria and cestodes resistance suggests the existence of common underlying genetic mechanisms, one of which may be within the MHC. Moreover, two of the candidate genes that we identified for cestode resistance, namely the mitogen-activated protein 3 kinase 4 (MAP3K4) and tumour necrosis factor alpha-induced protein 1 (TNFAIP1) genes, encode proteins that are associated with host immune response to malaria, a disease caused by a parasite that belongs to the same phylum as Eimeria [42] [43] [44] .
Antibody responses
Our results support previous findings that showed that antibody response is a heritable complex trait. Estimates of heritability for these traits differed between the two populations and ranged from low to high (0.11 to 0.79) with a particularly high heritability for IBDV and MDV for the Horro ecotype. Genome-wide studies of IBDV, MDV, SG and PM antibody titres are very scarce in the literature, especially for indigenous chicken populations. The involvement of specific MHC genes in SG and IBDV antibody titres was previously studied using crosses of Fayoumi (indigenous breed) with Leghorn [45] and exotic broilers [46] , respectively. In our study, we confirmed the involvement of the MHC in SG. Involvement of the MHC in the control of antibody response to the other pathogens studied was also anticipated; however LD in this chromosomal region was very low, which suggests a high frequency of recombination and, thus making the detection of associations difficult. Moreover, only a few informative SNPs within the MHC region are included in the DNA arrays, which may explain why the role and contribution of this region may be largely undetected.
Some of the significant SNPs identified for antibody titres in our study were located on the sex chromosome Z, which supports previous observations of sex-related differences in immune response and survival rates in chickens [47] . The strong positive genetic correlations that we found among antibody titres to different infectious diseases imply that common underlying genomic regions may exist; thus a breeding programme that would aim at enhancing overall immunocompetence of the birds could be considered. One can reasonably assume that the same programme would also produce birds that respond more efficiently to vaccines. Prior studies in chickens and other species have shown that circulating antibodies may play a role in successful host response to infections. In pigs, Serao et al. [48] found that antibody titres that were measured on sows 46 days after a natural outbreak of PRRS had strong favourable genetic correlations with most liveability traits of litters born during a PRRS outbreak that ranged from −0.72 (number of born mummified) to 0.73 (number of born alive). Increased resistance to Pasteurella infections was shown to elicit greater levels of circulating antibodies to important surface antigens in mice, rabbit, cattle and chickens [49] [50] [51] [52] [53] [54] [55] . Similarly, chickens selected for high antibody titres to Escherichia coli, were also found to have high IBDV antibody titres which conferred increased resistance to IBDV infection [56] . In other diseases, such as Salmonella, antibody responses have been shown to play a role in disease resistance [57, 58] . More specifically, in a susceptible mice line after challenge with Salmonella, the produced antibodies were of the IgM isotype and remained polyreactive. In contrast, in a line of resistant mice, a specific IgG antibody response that recognised specific bacterial components followed an initial increase of polyreactive IgM antibodies. These results suggest that the synthesis of antibodies directed against Salmonella antigens in lines with different susceptibilities may follow distinct pathways [57] . In addition, co-localisation of quantitative trait loci (QTL) for Salmonella resistance and Salmonella antibody titres have been reported in mice [59] and chickens [60, 61] , suggesting that the same QTL modulate both infection resistance and antibody production. Interestingly, the mice lines selected for high antibodies to Salmonella antigens showed lower resistance to the disease [59] . On the other hand, Salmonella antibody titres have been demonstrated to have a genetic component in chickens, with greater antibody responses being associated with lesser Salmonella colonisation, suggesting that enhancement of innate antibody response levels is important [58] . Furthermore, inbred chicken lines with different MHC haplotypes and different susceptibilities to IBDV and MDV have been shown to have different antibody responses to the viruses, with higher antibody titres in the resistant line [62] [63] [64] . MDV is a cell-associated herpesvirus and therefore strictly intracellular; however, both passively and actively acquired antibodies have been implicated in protective immunity against the disease [65] . Nevertheless, observing a strong antibody titre in field data could imply either enhanced resistance to pathogens or failure to launch an effective innate response. For example, a high SG titre may be indicative of an intracellular Salmonella carrier state (a feature of host-adapted Salmonella) or a recent infection [66] . Therefore, further studies are required to determine the desirable direction of selection on immune response that will enhance resistance and resilience to pathogens.
We confirmed three genomic regions that were previously shown to be associated with antibody response to different antigens [67, 68] , one each on chromosomes 9 (for IBDV antibody titre), 18 (for IBDV and MDV antibody titre) and Z (for IBDV and PM antibody titre. The genomic region on chromosome 18 that was identified for MDV antibody titre is also consistent with previous studies on MDV survival of exotic birds [69] . In the genomic region for IBDV response on chromosome 9, two putative candidate genes, protein tyrosine phosphatase nonreceptor type 1 (PTPN1) and nuclear factor of activated T-cells cytoplasmic calcineurin-dependent 2 (NFATC2), have been associated with efficient host response to viral infections in other species [70] [71] [72] . Moreover, the significant pathways and networks that we identified here for IBDV response are consistent with those identified in a whole-genome gene expression study of early responses to IBDV infection in inbred chicken lines with different resistance levels to IBDV [73] . We postulate that all these genomic regions may contribute to the underlying molecular mechanisms that are responsible for the overall effective host antibody response and hence segregate in many different chicken populations. However, further investigations are needed to identify the causative genes and elucidate the causative mutations in these regions.
Selective sweeps
Analysis of selective sweeps revealed a positive signature of selection in the genomic region on chromosome 18 that harbours the monocyte to macrophage differentiation-associated (MMD) gene, which is involved in Ras signalling within the Golgi apparatus [74] and control of macrophage activation [75] . However, no direct association of this gene with antibody responses or parasitic disease resistance has been reported so far in the literature.
Body weight and BCS
Our results for body weight and BCS are consistent with previous studies on exotic chicken [76] [77] [78] [79] [80] [81] breeds and confirm many of the previously identified QTL. A recent GWAS of an F2 cross between Silky Fowl and White Plymouth Rock chickens also identified a genomic region that affects body weight on chromosome 4 [82] , but it is located 6 Mb from the genomic region detected in our study. Moreover, the significant SNPs for BCS on chromosomes 8 and 15 that we detected are located in close proximity with the LIM domain transcription factor (LMO4) and the LIM domain kinase 2 (LIMK2) genes, respectively. Gu et al. [82] also reported a strong association of the LIM domain binding factor 2 (LMO2) locus with body weight.
Genetic correlations between production, immune and disease traits
Taken together, the findings of our study support the view that simultaneous genetic improvement of enhanced antibody responses to bacterial and viral infections, increased resistance to major parasitic diseases, and that improved productivity is feasible in the two studied indigenous chicken ecotypes. There were no significant genetic correlations between immune, disease and production traits, which suggests that selection for enhanced immune response and resistance to parasitism would not compromise productivity. In addition, we found no SNPs that were significantly associated with production traits and, at the same time, also affected an immune or disease trait. Our results are consistent with field studies in sheep that reported neutral or even weakly favourable (negative) genetic correlations between gut parasitic infections and growth [18] . In addition, studies on turkeys [83] have shown that lines that are selected to grow more quickly may also have a stronger antibody response after challenge with an antigen from a pathogen compared to the slower growing lines. In all cases, multiple traits could be simultaneously included in the same breeding programme.
In the two chicken populations studied here, different heritabilities and different genomic regions may appear to control a given trait. These results support the hypothesis that indigenous chickens from distant geographic regions may have developed different adaptation mechanisms, which render them genetically distinct. Therefore, our findings support the current FAO recommendations that an appropriate and tailored response should be developed for each operating environment in the developing countries, as a "one-size-fits-all" approach is not usually successful for village poultry programmes [84] . Nevertheless, several common candidate genomic regions for body weight and disease resistance traits were also identified for the two ecotypes; which may indicate that a joint breeding programme comprising both ecotypes is worthy of further investigation.
Conclusions
Based on our results, simultaneous genetic selection to enhance productivity, immune response, and health represents a valid possibility for the improvement of indigenous village chickens in Ethiopia and, by extension, other indigenous village chicken populations in sub-Saharan Africa and beyond. Such improvements will not only increase profitability but also animal welfare in areas where veterinary interventions are virtually not available. Technically, this may be achieved by selectively increasing the frequencies of target alleles and haplotypes within specific marker-assisted schemes. Genomic selection might be another option to improve the traits of interest; nevertheless, genotyping with the high-density SNP array used here would be prohibitively expensive to apply in the large-scale and might only be feasible to strategically genotype specific key individuals in a breeding programme. However, the construction of low-density custom SNP arrays based on the SNPs and regions identified in our study, as was effectively developed and applied in sheep [85] , could provide practical cost-effective alternatives. Therefore, a custom-made array could be developed and used as an additional tool for genetic selection in non-phenotyped birds [85, 86] in the studied ecotypes. We also recommend that our results be validated with independent indigenous chicken ecotypes from other developing countries to corroborate their potential wider utility.
